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In the present study, the antioxidant profile of olive oil antioxidants was investigated. Hydroxytyrosol
and oleuropein are potent scavengers of hydroxyl radicals (OH•), peroxynitrite (ONOOH), and
superoxide radicals (O2

•-). Homovanillic alcohol, one of the main metabolites of hydroxytyrosol, and
tyrosol are less potent scavengers of these reactive species. None of the olive oil antioxidants are
good hypochlorous acid (HOCl) or hydrogen peroxide (H2O2) scavengers. Hydroxytyrosol efficiently
protects against LDL oxidation in vitro and in vivo. However, no protective effect of hydroxytyrosol is
usually demonstrated ex vivo against the oxidation of LDL isolated from humans after hydroxytyrosol
consumption. The present study shows that this controversy is due to the isolation of LDL, which
greatly reduces the protective effect of hydroxytyrosol against LDL oxidation. Hydroxytyrosol is an
efficient scavenger of several free radicals. The physiological relevance of the high intrinsic antioxidant
activity of hydroxytyrosol is illustrated by its protection against LDL oxidation.
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INTRODUCTION

The role of olive oil in the protection against cardiovascular
disease has been highlighted in several studies (1-5). Olive
oil, the main source of fat of the Mediterranean diet, is rich in
oleic acid, a mono-unsaturated fatty acid. To date, most of the
research on the protective effect of olive oil has been focused
on its high mono-unsaturated fatty acid content.

Recent studies show that olive oil is more than just a mono-
unsaturated fat. Olive oil is a natural product that contains a
wide range of ingredients. The composition depends, among
others, on the type of olives, the manufacturing process, and
storage conditions. In general, extra virgin olive oil contains
relatively high amounts of phenolic antioxidants (6), such as
oleuropein, hydroxytyrosol, and tyrosol (Figure 1). These
phenolic compounds have been shown to provide beneficial
cardiovascular effects (1,2, 7, 8). Consequently, supplements
containing phenolic antioxidants from olive oil with health-
promoting claims have been developed.

The molecular mechanism of the cardiovascular effects of
olive oil antioxidants has not been fully elucidated. Studies
investigating the antioxidant effects of olive oil phenolic
compounds are conflicting (9). It has been shown in bothin
Vitro and humanin ViVo studies that phenolic compounds
efficiently protect against LDL oxidation (1,2, 7, 8, 10-13).
However, no protective effect of hydroxytyrosol is usually found
against LDL oxidation inexViVo experiments (14-17). In these
experiments, LDL is isolated from humans after hydroxytyrosol
consumption, and subsequently, the oxidizability of this LDL
is determinedex ViVo.

The present study is designed to provide new insights into
the controversy on the effect of phenolic compounds on LDL
oxidation. Some controversies also exist regarding the antioxi-
dant profile of the phenolic compounds present in olive oil. For
example, the reports on radical scavenging are ambiguous (4,
18). Therefore, an integral antioxidant profile of hydroxytyrosol
and related compounds is determined by quantifying their
scavenging potential of OH•, ONOOH, O2

•-, HOCl, and H2O2.
The intrinsic antioxidant activity forms the fundament for the
physiological impact of olive oil phenolic compounds.

MATERIALS AND METHODS

Chemicals.Hydroxytyrosol was obtained from Cayman Chemical,
Ann Arbor, MI. Oleuropein was obtained from Extrasynthese, Lyon,
France. Tyrosol was purchased from Fluka, Buchs, Switzerland.
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Figure 1. Structures of hydroxytyrosol, oleuropein, tyrosol, and homo-
vanillic alcohol.
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Dihydrorhodamine-123 (DHR-123), 2-deoxy-D-ribose, homovanillic
alcohol, ascorbate, rutin, 2-methoxyphenol, phenol, HOCl, H2O2,
dithionitrobenzoic acid, and mannitol were purchased from Sigma, St.
Louis, MO. Catechol was obtained from Janssen Chimica, Geel,
Belgium. Lipoic acid was purchased from Asta Medica AG, Frankfurt,
Germany. Reduced glutathione (GSH) was obtained from ICN Bio-
medicals Inc., Costa Mesa, CA. Ebselen was obtained from Rhône-
Poulenc Rorer, Köln, Germany. All other chemicals were of analytical
grade purity.

Scavenging of Reactive Oxygen and Nitrogen Species.The
antioxidant profile of hydroxytyrosol, oleuropein, tyrosol, and homo-
vanillic alcohol was determined by quantifying their scavenging
potential of reactive oxygen and nitrogen species. Scavenging of OH•

was determined by the deoxyribose method according to Halliwell et
al. (19). Scavenging of O2•- was measured according to den Hartog et
al. (20). The protection against ONOOH induced DHR-123 oxidation
was measured as described by Kooy et al. (21). The HOCl scavenging
potential of the compounds was measured according to Ching et al.
(22). Scavenging of H2O2 was measured by adding 1 mM H2O2 to a
100µM solution of the scavenger in a 150 mM sodium phosphate buffer
(pH 7.4, 37°C). UV spectra were recorded before and during 30 min
after the addition of H2O2.

The reactive oxygen and nitrogen scavenging activities of the
compounds tested were related to reference antioxidants that either have
a high scavenging activity for one of these reactive species or were
used for this purpose before. The reference compounds for OH•,
ONOOH, O2

•-, HOCl, and H2O2 scavenging were, respectively,
mannitol (23), ebselen (24), rutin, lipoic acid (25), and GSH.

LDL Isolation. Blood was collected from a healthy volunteer in
tubes containing heparin and centrifuged at 3500 rpm at 4°C for 10
min to obtain plasma. This study was performed in compliance with
the guidelines of the Medical Ethical Review Board of the Academic
Hospital, Maastricht, The Netherlands. Potassium bromide was added
to plasma to increase its density (0.325 g per mL plasma). LDL was
isolated by density gradient ultracentrifugation at 32,000 rpm at 4°C
for 17 h. The LDL fraction was isolated in a density range of 1.019-
1.063 g NaCl/mL and diluted to a concentration of 1 mg/mL in a 50
mM sodium phosphate buffer at pH 7.4.

LDL Oxidation. LDL oxidation was performed at 37°C in a 50
mM sodium phosphate buffer at pH 7.4 by adding 50µM CuSO4 to
50 µg/mL LDL in the presence of hydroxytyrosol or vehicle (ethanol).
Conjugated diene formation was measured at 234 nm during 240 min.

The effect of the LDL isolation procedure on the protection by
hydroxytyrosol against LDL oxidation was also determined. Hydroxy-
tyrosol or vehicle (ethanol) was added to isolated LDL (1 mg/mL),
vortexed, and incubated for 5 min. Subsequently, the LDL isolation
procedure was repeated by creating the same density gradient. After
ultracentrifugation, LDL was isolated and subsequently oxidized as
described above. Mean lag times were calculated for all of the LDL
experiments.

The addition of hydroxytyrosol (final concentration of 5µM) to LDL
that was isolated for a second time gave the same protection (data not
shown) as hydroxytyrosol (5µM) added to LDL after the first isolation
procedure. This indicates that, with respect to the ability of hydroxy-
tyrosol to protect, LDL has not been affected by the isolation procedure.

Lipophilicity. The lipophilicity of hydroxytyrosol was measured by
determining the logarithm of the octanol water partitioning coefficient
(log Po/w). The octanol water partitioning coefficient (Po/w) of hydroxy-
tyrosol was calculated by dividing the concentration of hydroxytyrosol
in the octanol layer by that in the aqueous layer (150 mM sodium
phosphate buffer, pH 7.4) after mixing a 1 mM solution of hydroxy-
tyrosol in buffer that was saturated with octanol with an equal volume
of octanol that was saturated with buffer. The concentration of
hydroxytyrosol in each layer was determined spectrophotometrically
at 283 nm.

Statistics.The results are expressed as means(SEM (n) 3). The
LDL oxidation results are based on at least two separate experiments.
For the results based on two experiments, the lag time is presented as
mean(half-range.

RESULTS

Both oleuropein and hydroxytyrosol were potent OH•, O2
•-,

and ONOOH scavengers (Figure 2). Homovanillic alcohol, one
of the main metabolites of hydroxytyrosol (Figure 1), was a
relatively good scavenger of ONOOH and OH•. However,
homovanillic alcohol was a less potent scavenger of OH•, O2

•-,
and ONOOH than hydroxytyrosol. Compared to hydroxytyrosol,
tyrosol was also a relatively poor scavenger of OH•, O2

•-, and
ONOOH. None of the phenolic compounds from olive oil were
good HOCl or H2O2 scavengers. The HOCl and H2O2 scaveng-
ing activity of the reference compounds was at least 10 to 100
times higher than that of the phenolic compounds.

To identify the functional group that is important in the
antioxidant potential of compounds studied, the scavenging
activities of catechol, 2-methoxyphenol, and phenol were also
determined (Figure 2). Catechol was a potent scavenger of
OH•, O2

•-, and ONOOH. Phenol was less potent in scavenging
OH•, O2

•-, and ONOOH compared to catechol. The com-
pound 2-methoxyphenol was a relatively good scavenger of OH•,
O2

•-, and ONOOH, although the scavenging activities were
lower than that of catechol. Catechol, 2-methoxyphenol, and
phenol did not display any relevant H2O2 or HOCl scavenging
activity.

Figure 2. Antioxidant profiles of hydroxytyrosol, oleuropein, homovanillic
alcohol, tyrosol, and related compounds. The OH•, ONOOH, and O2

•-

scavenging activities of the compounds were related to the scavenging
activities of mannitol (second-order rate constant ) 3.4‚109 M-1‚s-1),
ebselen (IC50 ) 2.0 µM) and rutin (IC50 ) 14.8 µM), respectively. The
H2O2 and HOCl scavenging activity of the compounds was related to
GSH (IC50 ) 83 µM) and lipoic acid (second-order rate constant ) 0.1
mM-1‚min-1), respectively. None of the phenolic compounds displayed
any relevant H2O2 or HOCl scavenging activity. The H2O2 and HOCl
scavenging activity of the reference compounds was at least 10 to 100
times higher than that of the phenolic compounds.
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Hydroxytyrosol dose dependently protected against LDL
oxidation. A representative experiment is shown inFigure 3.
When 5µM hydroxytyrosol was added to LDL, the lag time in
the in Vitro assay was more than 240 min, whereas the lag time
of the control experiment was 30 min (Figure 3A).

To examine the effect of the isolation of LDL, the isolation
procedure was performed for a second time. Hydroxytyrosol
(5 µM) was added to isolated LDL, and subsequently, the LDL
isolation procedure was repeated for a second time. The
protective effect of hydroxytyrosol against LDL oxidation was
drastically reduced by the second isolation procedure. The lag
time of oxidation was shortened from more than 240 min before
the second LDL isolation procedure to 60 min after the second
LDL isolation procedure (Figure 3B).

The lipophilicity of hydroxytyrosol, which was measured by
determining the logPo/w value, was found to be 0.04. This is
similar to thePo/w value reported previously (26). This means
that the concentration of hydroxytyrosol in biological systems
is expected to be very similar in the aqueous and lipid
compartments.

DISCUSSION

The aim of the present study was to investigate the antioxidant
potential of olive oil phenolic compounds. The fundament of
the beneficial effect of an antioxidant is its intrinsic antioxidant
activity. Therefore, the antioxidant profile of the olive oil
antioxidants was established. Subsequently, the physiological
impact of the antioxidant efficacy was evaluated by determining
the protective effect against LDL oxidation.

In the present study, it was shown that both hydroxytyrosol
and oleuropein have superior ONOOH, OH•, and O2

•- scaveng-
ing activities, equal to or surpassing that of the reference
antioxidants used. The high potency of hydroxytyrosol and

oleuropein for scavenging ONOOH observed in the present
study is in accordance with previous reports (27,28). Literature
on the activity of hydroxytyrosol as an O2

•- scavenger is
contradictory (4,18). Our results indicate that hydroxytyrosol
and oleuropein do scavenge O2

•-.
In the present study, it was shown that none of the olive oil

phenolic compounds were good H2O2 or HOCl scavengers.
Previous reports have suggested that hydroxytyrosol is able to
scavenge H2O2 (18) and HOCl (4). The reported scavenging of
H2O2 (18) by hydroxytyrosol is most likely the result of the
scavenging of reactive species that are formed out of H2O2. In
the only report on the HOCl scavenging of hydroxytyrosol, the
activity of hydroxytyrosol was related to poor HOCl scavengers,
that is, vitamin C and vitamin E. Comparing the activity of
hydroxytyrosol to a more relevant reference compound clearly
shows that hydroxytyrosol hardly possesses any HOCl scaveng-
ing activity. The scavenging of the non-radical species H2O2

and HOCl involves a two-electron reaction. In the scavenging
of these species, thiols appear to be superior to phenolic
compounds.

Our results show that compounds having a catechol (ortho-
diphenolic) group in their molecular structure, that is, oleuropein
and hydroxytyrosol, have superior antioxidant properties than
compounds lacking this moiety, that is, homovanillic alco-
hol and tyrosol. As also reported previously, the present study
shows that the antioxidant potency of the catechol group is
superior to that of a resorcinol or phenol group. The relatively
high antioxidant activity of catechol can be explained by the
high electron donating effect of the second hydroxyl group (29,
30).

For an antioxidant to have beneficial health effectsin ViVo,
it is of course essential that it is taken up. Several studies in
humans and rats indeed report that the uptake of hydroxytyrosol

Figure 3. Protection by hydroxytyrosol (HT) against LDL oxidation. In panel A, the dose-dependent protection by hydroxytyrosol against LDL oxidation
is shown. In panel B, the effect of the LDL isolation procedure on the protection by hydroxytyrosol against LDL oxidation is shown. Hydroxytyrosol is
added to isolated LDL, and subsequently, the LDL isolation procedure is repeated. The protective effect of hydroxytyrosol before and after the second
LDL isolation procedure is shown. The lag times of LDL oxidation are shown in the inserts. No conjugated diene formation occurred when a concentration
of 5 µM hydroxytyrosol was used (before the second isolation procedure; panels A and B). For this reason, the lag time was set at 240 min, that is,
the duration of the experiment.
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is good (31-34). Plasma concentrations of hydroxytyrosol after
consumption of 25 mL of extra virgin olive oil range from 50
to 160 nM (8, 35). The consumption of supplements containing
a relatively high amount of hydroxytyrosol might lead to an
even higher hydroxytyrosol concentration. Hydroxytyrosol is
metabolized in the body by the action of catechol-O-methyl-
transferase to homovanillic alcohol. Oleuropein itself hardly
reaches the systemic circulation after ingestion. However, most
of the oleuropein is hydrolyzed in the intestine, yielding
hydroxytyrosol (36,37).

The physiological impact of the antioxidant efficacy of
hydroxytyrosol was evaluated by determining its protective
effect against LDL oxidation. LDL oxidation is one of the key
steps in the initiation of atherosclerosis. The present study shows
that hydroxytyrosol efficiently protects against LDL oxidation
in Vitro at relatively low concentrations. Review of the literature
shows that our results are consistent within Vitro data from
other studies on human LDL (Table 1). The present study also

shows that the isolation procedure substantially reduces the
protective effect of hydroxytyrosol against LDL oxidation. This
might explain the false negative results inex ViVo studies that
usually show no protective effect of olive oil phenolic com-
pounds in LDL isolated from humans having consumed a diet
rich in olive oil (Table 1).

During the isolation procedure, a relatively small volume of
LDL is added to a relatively large volume of sodium chloride
solutions. In the present study, it was shown that the logPo/w

of hydroxytyrosol is 0.04. This indicates that the reduction in
the protective effect might be due to the loss of hydroxytyrosol
from LDL during the LDL isolation procedure. Recently, the
loss of hydroxytyrosol from LDL during the isolation procedure
has also been addressed by de la Torre-Carbot et al. (38). This
is in line with the results of our study. The loss of antioxidants
other than hydroxytyrosol during the isolation procedure might
also be involved in the underestimation of the protective effect
of hydroxytyrosol inex ViVo experiments. In addition to the
lipophilicity, other properties also determine the interaction of
antioxidants with LDL, such as hydrogen binding to proteins.
Possible structural LDL changes during the isolation procedure
may affect this interaction, which can also result in an
underestimation of the protective effect of hydroxytyrosol in
ex ViVo experiments.

TheexViVo protective effect of olive oil phenolic compounds
reported by Ramirez-Tortosa et al. (39) might be due to the
higher vitamin E content in the olive oil diet compared to the
control diet. Vitamin E, an extremely lipophilic compound, will
not be removed from LDL during the isolation procedure.
Marrugat et al. also demonstrated a protective effect of olive
oil phenolic compounds against LDL oxidation, measuredex
ViVo after hydroxytyrosol consumption (2). However, the
observed increase in lag time of LDL oxidation was only
marginal.

LDL oxidizability has also been evaluatedin ViVo in sev-
eral studies (Table 1). Both long and short term ingestion of
olive oil rich in phenolic compounds have been shown to
lower plasma levels of oxidized LDL (1,2, 7, 8). These effects
are not attributable to the mono-unsaturated fatty acids of
olive oil, as the fat compositions of the olive oil and the control
oil were identical. These studies unequivocally proof that olive
oil phenolic compounds provide protection against LDL oxida-
tion.

In conclusion, hydroxytyrosol is an efficient scavenger of
several free radicals. The physiological relevance of the high
intrinsic antioxidant activity of hydroxytyrosol is illustrated by
its protection against LDL oxidation.

ABBREVIATIONS USED

LDL, low-density lipoprotein; OH•, hydroxyl radical; ONOOH,
peroxynitrite, O2

•- , superoxide radical; HOCl, hypochlorous
acid; H2O2, hydrogen peroxide;Po/w, octanol water partitioning
coefficient; logPo/w, logarithm of octanol water partitioning
coefficient; GSH, reduced glutathione; TBARS, thiobarbituric
acid reactive substances; DHR-123, dihydrorhodamine 123;
SEM, standard error of the mean;∆Abs, increase in absorbance;
ELISA, Enzyme-Linked Immuno Sorbent Assay.
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Table 1. Overview of Human Studies on the Protective Effect of Olive
Oil Phenolic Compounds against LDL Oxidationa

In Vitro

concentration
hydroxytyrosol (µM) effect reference

0.1 + + + present study
1 + + + + present study
5 + + + + present study
0.3b,c + + 12
1.1b,c + + + 12
1.7b,c + + + + 12
10c +++ 10
10c,d + + + + 11

Ex Vivo

estimated daily intake
(mg phenolic equivalents)

olive oil control effect reference

0.4 0 0 14
3.5e 0 and 1.6e + 2
16f 0f 0 15
21 3 0 17
33 3 +g,h 39
100 0 0 16

In Vivo

estimated daily intake
(mg phenolic equivalents)

olive oil control effect reference

3.5e 0 and 1.6e +++ 2
7.4e 0.7e + 7
8.4e 0.1 and 3.7e +++ 1
11e 0.2 and 3e +++ 8
13.5e 0.1 and 6e ++ 13

a The effect shown is based on the percentage increase in the lag time of
conjugated diene formation in isolated LDL (in vitro and ex vivo studies) or the
reduction in the extent of LDL oxidation measured using ELISA (in vivo studies).
+ corresponds with 0−10%, ++ corresponds with 10−30%, +++ corresponds with
30−100%, and ++++ corresponds with >100%. 0 means no effect. b The
concentration of phenolic compounds present in olive oil was expressed as µM
caffeic acid equivalents. c The protective effect was estimated from the figures
presented the article. d The protective effect of oleuropein against the formation of
thiobarbituric acid-reacting substances (TBARS) and lipid hydroperoxides was
presented. e The daily intake was calculated using a density of olive oil of 0.92
kg/L. f Estimated phenol intake (according to Vissers et al., ref 9). g Susceptibility
of LDL to oxidation was assessed by the rate of TBARS formation. h Vitamin E
intake was 12 vs 8 mg (high vs low phenolic equivalent diet).
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